Deep level transient spectroscopy was used to investigate deep-level defects in (Ga,In)(N,As)/GaAs triple quantum well structures grown by atmospheric pressure metalorganic vapor phase epitaxy with dierent indium and nitrogen contents and annealed in rapid thermal annealing system. A combination of electron traps that disappear or remain on annealing and a new hole trap that appears on annealing were detected. The revealed electron traps were attributed to N-related complexes or GaAs host-related native point defects. Moreover, it was suggested that the new hole trap observed in the annealed GaAsN/GaAs triple quantum well structure together with the dominant electron trap can act as generation-recombination center responsible for the observed a very poor optical quality among all the investigated multi-quantum well structures.
Introduction
The (Ga,In)(N,As) semiconductor alloys, so-called dilute nitrides are currently of great interest due to their unique properties such as a huge and negative band gap bowing coecient and large conduction band oset, which result from a large size and electronegativity dierence between N and As atoms. These features make IIIVN alloys very promising material for applications in 1.31.55 µm telecommunication lasers [1] and photodetectors [2] , as well as high ecient multi-junction solar cells [3] . The introduction of small amounts of nitrogen into GaAs considerably decreases band gap energy of GaNAs down to ≈ 1 eV and simultaneously reduces the lattice parameters of the crystal. Moreover, incorporation of indium to GaNAs additionally compensates the mechanical strains and improve crystal quality, which could be lattice matched to common substrates such as GaAs or Ge. Unfortunately, a small amount of nitrogen strongly deteriorates the material quality of diluted nitrides due to a high concentration of impurities (carbon, hydrogen, oxygen) and native point defects (vacancies, interstitials, antisities), which can be the centers of non-radiative recombination and cause low luminescence eciency or inuence on poor minority-carrier diusion lengths, their mobilities and lifetimes. Therefore, the fundamental goal is to correlate the properties of defects with the electrical and optical properties of (Ga,In)(N,As) alloys.
The purpose of this paper is to present the investigations of deep-level defects by means of deep level transient spectroscopy (DLTS) method [4] in (Ga,In)(N,As)/GaAs * corresponding author; e-mail: lukasz.gelczuk@pwr.edu.pl multi-quantum well (MQW) structures grown by atmospheric pressure metalorganic vapor phase epitaxy (AP-MOVPE) technique. Both as-grown and annealed structures were investigated. On the basis of the obtained electrical parameters of the traps and literature reports, their possible origin was proposed.
Experiment
The investigated (Ga,In)(N,As)/GaAs heterostructures were grown by APMOVPE with AIX200 R&D AIXTRON horizontal reactor on (100)-oriented Si-doped (≈ 10 18 cm −3 ) GaAs substrates. The growth precursors were trimethylgallium (TMGa), trimethylindium (TMIn), tertiarybutylhydrazine (TBHy) and 10% mixture of AsH 3 in H 2 , and they were transported by passing a high purity H 2 through the bubblers. Undoped MQW structures consisted of 500 nm thick buer and 3×(Ga,In)(N,As) quantum wells, separated by 30 nm of GaAs barrier and capped by 45 nm of GaAs. In the experiment, three dierent structures containing MQW were used: GaInAs/GaAs (sample I219n), GaNAs/GaAs (sample N62n) and GaInNAs/GaAs (sample NI45n). All the structures were grown at the same temperature equal to 575
• C. The main growth parameters were reported elsewhere [5] . The In and N contents in QWs were determined by combination of high resolution X-ray diraction (HRXRD) and contactless electroreectance (CER) measurements, assisted by band anticrossing (BAC) calculations, according to the algorithm proposed by Pucicki et al. [6] . In this approach, comparison of the results achieved from simulated HRXRD curves with the calculations of all QWs transitions measured by CER leads to reduction of deviations in composition determination of GaInNAs QWs and thereby to increasing the accuracy in determining of the In and N contents.
(1195) After the growth process, the samples were annealed for 5 min at 700
• C under N 2 atmosphere in rapid thermal annealing (RTA) system, in order to investigate the inuence of thermal treating on the evolution and parameters of deep-level traps.
For DLTS measurements, circular Au Schottky contacts (0.5 mm 2 ) were deposited on topside of the samples and AuGe ohmic contacts on the whole backside. The measurement setup consists of 2601A Keithley SMU instrument, Boonton 7200 capacitance bridge, Lakeshore 331 temperature controller and Janis VPF-475 liquid nitrogen cryostat. 3 . Results and discussion Figure 1 shows the DLTS spectra obtained for the three investigated as-grown and annealed (Ga,In)(N,As)/GaAs 3× QWs structures. The DLTS measurements were performed within the 80480 K temperature range, with a reverse bias voltage (U R ) of 2 V, a lling pulse voltage (U P ) of 0 V, an emission rate window (e n ) of 20 s −1 , and a lling pulse width (t p ) of 1 ms. The positive DLTS signal corresponds to majority electron traps, labeled as E and the negative one is associated with minority hole traps, labeled as H. As it is shown in Fig. 1 , within the measured temperature range DLTS spectra reveal a presence of two (E3, E4), three (E2, E3, E4), or four (E1, E2, E3, E4) deep electron traps in the as-grown GaInAs/GaAs, GaNAs/GaAs and GaInNAs/GaAs structures, respectively. After the post-growth RTA (700 • C, 5 min) some of the traps disappear completely but also some of them appear and the others keep almost resistant upon annealing or their concentration slightly decreases. In effect, two (AE3, AE4), three (AE1, AE2, AE3), and three (AE1, AE3, AE4), electron traps are revealed in the annealed samples, respectively. Furthermore, an additional hole trap, labeled AH1, has emerged from the DLTS spectrum of annealed GaNAs/GaAs structure at a higher temperature, instead of electron trap E4. The existence of hole trap in this sample can be related to higher density of carbon contaminations among all the investigated structures.
In this work, the TBHy was used as a source of nitrogen in the growth of dilute GaNAs and GaInNAs quantum wells, which could be also the additional source of carbon contamination. The investigated samples were grown without intentional doping, but they actually exhibited low background carrier concentrations at about ≈10 16 cm 3 after the growth process, which decreased slightly after RTA. It is generally known that carbon can be incorporated during growth of diluted nitrides at suciently high levels causing probably the background p-type conductivity [3] . Therefore, the highest nitrogen concentration in the GaNAs QWs (of about 1.2%) can be also connected with higher carbon contamination, giving rise to p-type conductivity in annealed GaNAs QWs.
Moreover, one can see in Fig. 1 that some of the DLTS spectra are distinctly broadened (e.g. DLTS spectrum for the as-grown GaInNAs/GaAs structure). A broad DLTS-line suggests that deep levels, giving rise to this signal, can be in fact a continuous distribution of deep level states or groups of closely spaced discrete energy levels within the band gap. In order to resolve the closely spaced defect levels, high-resolution Laplace DLTS (LDLTS) was applied [7] .
The basic electrical parameters of the revealed traps, i.e. thermal activation energy (E a = E C,V ± E T ) and apparent capture cross-section (σ a ) were determined from the slope and intersection values of the Arrhenius plots shown in Fig. 2 , respectively. The concentration of each trap (N T ) was determined from the DLTS-peak height. The calculated activation energies and capture crosssections (assumed to be temperature independent in this study), as well as concentrations of the revealed traps are collected in Table for the as-grown and annealed (Ga,In)(N,As)/GaAs structures, respectively.
On the basis of the obtained results and the data reported in the literature for the deep-level traps observed in dilute GaNAs and GaInNAs alloys we tried to identify the possible origins of the traps in the investigated samples. The rst electron trap E1 (labeled AE1 in the annealed samples) that is not observed in the GaInAs/GaAs structure should involve N atoms. This trap appears only after annealing of GaNAs/GaAs structure, while it is present in both as-grown and annealed GaInNAs/GaAs structure, respectively. After annealing of the latter sample the concentration of this trap clearly decreases. Finally, after annealing the concentration of this trap is about one order of magnitude higher for the GaNAs/GaAs structure than for GaInNAs/GaAs one, which can be related to higher N content in GaNAs QWs. According to theoretical predictions, N complexes, such as nitrogen split interstitials NAs and NN on single As sites (i.e. N i As As and N i N As ) are energetically favorable in dilute nitride alloys [8] . Experimental data conrm that as-grown GaNAs layers contain a signicant concentration of nitrogen interstitials [9] . Furthermore, it is also known that these complexes are partially responsible for compensation of the tensile and compressive strain in (Ga,In)(N,As) layers grown on GaAs substrate. Thus, they can lead to signicant deviation of the lattice parameter values from the Vegard law [10] and low luminescence eciency [9] . On the basis of these ndings, we can identify the trap E1 (AE1) as being due to such N-complexes. Particularly, we tentatively attributed this trap to N i As As defect, because experimental results conrm that this defect usually persists both isochronal and isothermal annealing, due to its higher formation energy compared to N i N As , which are instead strongly reduced after annealing [11] . The electron trap E2 (AE2) is also observed only in the dilute GaAsN/GaAs and GaInNAs/GaAs heterostructures. Furthermore, after annealing the concentration of this trap strongly increases in the former sample but it completely disappears in the latter one. Nevertheless, this trap manifests parameters comparable to the wellknown EL6 defect, which is commonly observed in a bulk and epitaxial GaAs and GaAsN [12] , being regarded as a possible candidate of the eective recombination center.
On the other hand, the electron trap E3 (AE3) is observed in all the investigated as-grown and annealed samples. However, the concentration of this trap decreases strongly after annealing. According to the obtained electrical parameters of this trap presented in Table, it can be attributed to another well-known defect usually observed in GaAs and GaAs-based alloys, called EL3. It is suggested that a defect responsible for the EL3 trap, due to its close proximity to the midgap, is also regarded as a possible candidate for major non-radiative recombination center in (Ga,In)(N,As) layers [12] .
The last electron trap E4 (AE4) is also observed in all the investigated (Ga,In)(N,As)/GaAs structures after the growth process. Nevertheless, the concentration of this trap strongly decreases in the GaInAs/GaAs and GaInNAs/GaAs structures after RTA, while it completely disappears in the GaNAs/GaAs structure. Instead of the trap E4, a new hole trap AH1 appears in the DLTS spectrum of annealed GaNAs/GaAs structure at a higher temperature. The electron trap E4 (AE4) can be also associated with another native point defect, called EL2, which is one of the most important and widely studied defect commonly observed in GaAs and GaAs-based alloys [13] .
As it was mentioned above, the presence of the minority hole trap AH1 in the unintentionally doped GaNAs/GaAs structures, is probably related to enhanced carbon incorporation during the growth process of the dilute nitride QWs that can be responsible to the p-type conductivity of these layers. A similar deep hole trap labeled H1 was previously observed by Kaplar et al. [14] in MOCVD grown Sn-doped GaInNAs/GaAs heterostructures after annealing. They proposed the relationship of the hole trap H1 (E V + 0.71 eV) with another deep electron trap E2 (E C − 0.36 eV), observed by them in the annealed samples. Furthermore, they found that the activation energies of these two traps just add to 1.07 eV, that is very close to the 1.05 eV band gap of the GaInNAs material studied by them. Basing on this ndings, they concluded that E2 and H1 may be the same defect, acting as both the electron and hole trap and thus being the ecient generation-recombination center (G-R center). Recently, we have also revealed similar E2/H1 defect in the as-grown GaInNAs/GaAs triple quantum well structures, grown by APMOVPE at distinctly lower temperature of 566
• C [15] . In that paper, the sum of activation energies of the two traps was equal to 1.19 eV, that is also very close to about 1.2 eV band gap of GaInNAs measured by CER.
In the present paper, the sum of activation energies of the electron trap AE2 (E C − 0.34 eV) and the hole trap AH1 (E V + 0.86 eV) is equal to 1.2 eV, that is also close to the 1.22 eV bandgap energy of the annealed GaNAs/GaAs structure, as measured by photoluminescence (PL) [5] . Moreover, the concentration of these two traps strongly increases after annealing, being the dominant deep-level defects in this structure. On the basis of the given ndings we can attribute the AE2/AH1 to G-R center presents in GaNAs/GaAs 3× QWs structure. Thus, it is probably the main deep-level defect responsible for a very poor optical quality observed in GaNAs/GaAs MQWs, revealed recently by means of the PL and CER investigations [5] . 4. Conclusion We have presented the DLTS investigation of (Ga,In)(N,As)/GaAs triple QW structures grown at the same temperature by APMOVPE and annealed under nitrogen atmosphere. On the basis of the DLTS results, the deep electron trap E1 (AE1) observed only in the dilute nitride structures was attributed to N-related complexes (probably N i As As defect). On the other hand, the electron traps E2 (AE2), E3 (AE3) and E4 (AE4) were associated with the common native GaAs host-related defects called EL6, EL3 and EL2, respectively. Finally, the deep hole trap AH1, observed only in the GaNAs/GaAs structure after annealing and the electron trap AE2 were proposed to be the same deep-level defect. The sum of activation energies of the AH1 and AE2 traps is very close to the bandgap energy of the GaN 0.012 As 0.988 alloy. Thus, the trap AE2/AH1 can act as the ecient generation-recombination center, being responsible for a very poor optical quality of the GaNAs/GaAs 3× QWs structure measured recently by means of PL and CER.
